The gains of phase-locked-loop (PLL) have significant impacts on the power transfer limits for the voltage source converter (VSC) connected to weak AC system. Therefore, in this paper, an improved PLL control, respectively, with alternative damping factors for rectifier and inverter is proposed. First, it is proved that the impedance angle of AC system has a great impact on the small-signal stability of the VSC system. With the same variation tendency of Thévenin equivalent resistance, the limits of power transmission are changing in opposite trends for rectifier and inverter. Second, the improved PLL with alternative damping factors is proposed based on the participation factor analysis. Third, the optimal damping factors of the improved PLL control for rectifier and inverter are calculated. Simulations and calculations validated the following three conclusions: (1) in rectifying operation, the equivalent system resistance has a negative impact on the stability of the system and this is not the case for inverting operation; (2) adding the alternative damping factors to PLL control shows similar results compared with changing the impedance angle of AC system; (3) the proposed optimal damping factors of PLL can effectively extend the power transfer limits under both rectifier and inverter modes.
Introduction
Renewable energy resources are emerging as a future energy vector, and the voltage source converters (VSCs) are widely used to integrate such energies into power system [1] [2] [3] [4] . The VSC-HVDC link connected to weak AC system with very low short circuit ratio (SCR < 2) will emerge quite often in the future [5] [6] [7] . However, the conventional vector-current control in -frame exhibits poor dynamic performance when applied to VSC connected to it. This brings a problem that the transmitted power cannot reach the ideal limitation for the unstable of small-signal model [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
There are three possible approaches to solve this problem. The first approach is shown in [8] , which proposed an advanced vector-current control to decouple the -outerloop control completely by optimizing the control parameters. However, the provided method is quite complicated and it is not suitable for frequent and rapid power changing.
The second approach shown in [9] is adopting power synchronization control (PSC) as the main control strategy.
PSC is similar with power angle control. This control strategy will not cause stable operating problems in extremely weak AC systems. However, it behaves in relatively low response speed due to the lack of the inner-loop current control and hence it cannot satisfactorily meet the requirement of the AC system.
The last approach shown in [10] is changing the parameters of phase-locked-loop (PLL), especially the proportional gain in PI controller. It has been recognized that the challenging for VSCs operating in weak AC system is caused by the PLL dynamics. The response speed and small-signal stability are contradictory characteristics of the system. With a high proportional gain, the system response becomes quicker while the power transfer limitations decrease. Further, [16] reported that PLL has negative impact on the stability of VSC connected to weak AC system with reduced order model. However, quite few literatures have attempted to optimize PLL control system to enhance the stability of VSCs connected to weak AC system. This paper aims to propose an improved PLL control to extend the power transfer limitations. In the research of this work, it has been recognized that the impedance angle of weak AC system can also influence the power transfer limits. Meanwhile, an important observation is that for VSCs under different operation modes the equivalent resistance (related to the impedance angle directly) has opposite effects on the stability of VSCs. An advanced PLL with damping factor is proposed in this paper to enhance the power transfer limitations of grid-connected VSCs.
The rest of this paper is organized as follows. Section 2 presents the fundamental analysis of VSC connected to weak AC system. Section 3 studies the influence on power transfer limitations caused by impedance angle. Section 4 proposes an advanced PLL control system to enhance the stability of VSC connected to weak AC system. Section 5 verifies the proposed control by several case studies. And Section 6 concludes this paper.
Small-Signal Model of VSC Connected to
Weak AC System
Benchmark Test Model.
A two-level VSC is adopted in this paper as the topology. The test model is shown in Figure 1 . The weak AC system is represented by a Thévenin equivalent circuit and the equivalent impedance is + . The DC side of the converter is represented by a DC voltage source. With the consideration of the current limitation of transformer, a capacitor is shunted at PCC to provide reactive power compensation.
is the leakage inductance of transformer and is the resistance between PCC and converter.
Vector-current control is selected as system control strategy and the control diagram is shown in Figure 2 (a). Active power ( ) control and AC voltage ( ) control are adopted. Direct and quadrature current reference signals for the inner-loop are generated from outer-loop control [18] . The simplified PLL model [19] is shown in Figure 2 (b). With PI controller, the quadrature voltage at PCC point equals zero and the voltage phase angle can be accurately locked and measured.
System and Control Equations.
The state-space model derived in this paper includes AC system and VSC controller shown in Figures 1 and 2 , respectively.
AC System Equations. The equations of AC system are
In this case, equals cos and equals − sin and is the angle to which PCC voltage V leads equivalent AC system voltage E. 
The inner-loop control equations are shown in
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The simplified PLL model is given by
In this paper, 0 is specified as 100 rad/s. 
A is a 12-order matrix (the former 6 variables are AC system variables and the others are control system variables). The detailed information of matrix A and the definitions of 1 ∼ 5 are shown in the Appendix. The operating point of VSC system and the power controller parameters are shown in Table 1 .
The eigenvalues of test model at the operating point of ref = 1.33 and ref = 1.50 are shown in Table 2 . With the eigenvalues shown in Table 2 (see the bold italic), the predominant poles [20] of matrix A are selected to be 8, 9 . The root-locus of 8,9 with active power changing is shown in Figure 3 . And some of the values in Figure 3 are picked up and shown in Table 3 . Figure 3 and Table 3 both show that, with the power rising, the small-signal stability of test model is getting worse and system becomes unstable when the active power reaches about 1.4 pu.
Participation Factor Analysis. Participation factor can
be utilized to analyze the relationship between predominant poles and state-variables [21] [22] [23] . The participation factor of test model is shown in Table 4 .
From Table 4 , it can be discovered that the outer-loop and PLL control diagrams are likely to have more impacts on the stability of VSC connected to weak AC system. Reference [8] has proposed the outer-loop control approach, and this paper will mainly focus on the PLL improvements.
The Impacts of System Impedance Angle on Power Transfer Limitations
This section will analyze the impact of the system impedance angle on VSC working in either rectifier or inverter modes regarding the power transfer limitations. The active power transmission at PCC can be calculated using
The power angle curves for different impedance angles ( ) of AC system are shown in Figure 4 . It can be found that has a great influence on power transfer limits. The smallsignal stability of VSC system with different will be analyzed in the subsections below.
Rectifying Operation.
With the analysis of state-space matrix A, it is concluded that the equivalent resistance of AC system has a negative impact on VSC operating as a rectifier. The root-locus of predominant poles with changing is shown in Figure 5 (a). It shows that, for VSC operating in rectifier mode, lower resistance of AC system will enhance the small-signal stability of VSC system.
Inverting Operation.
Again, with the analysis of statespace matrix A, an opposite conclusion can be drawn that, for VSC working in inverter mode, lower resistance of AC system will weaken the VSC system stability, as shown in Figure 5 (b).
The power transfer limitations of system with different are expressed in Table 5 . It can be concluded that lower resistance will enlarge the stable margin of VSC working at rectifier mode and will reduce the stable margin for inverter mode.
Improved PLL Control for VSC Connected to Weak AC System
In Section 3, a conclusion can be drawn that the damping characteristic of AC network (impedance angle) has a great influence on the system stability. With the analysis of participation factor, it is acknowledged that PLL control also has a great impact on the stability of VSC connected to weak AC system. Therefore, an improved PLL control suitable for VSC connected to weak AC system is proposed as follows, which is the main contribution of this paper.
Considering that the active power is proportional to the direct-axis current, a supplementary damping control with state-variable 2 is added in PLL control system ( is the damping factor). And the new PLL equations are shown in (7), in which "+" is for rectifying operation and "−" is for inverting operation. Figure 6 shows the improved PLL control diagram:
The small-signal model is changed and the state-variable matrix A with the improved PLL is shown in the Appendix. Figure 7 shows the root-locus of predominant poles of the modified A.
From Figure 7 , it can be seen that, with the rising of damping factor in a certain range, the small-signal stability of VSC system is enhanced. After a critical value, the stability is reduced with the rising of . The root-locus of VSC system with rising in different damping factors has also verified the effectiveness of the improved PLL controller. Figure 7(c) shows that, with a proper damping factor, the relationship between PLL and dominant poles is weak. It also means that the most effective parts are changing from PLL to the outer-loop controller, which is the purpose of the improved PLL control strategy. There should be an optimal value for the damping factor . When impedance angle of AC system is 85 ∘ , the optimal value of is approximately 1100 for rectifying operation and 300 for inverting operation. Table 6 shows the base values of the system parameters of benchmark test model. The accuracy of the small-signal model including the oscillation frequency and damping ratio will be verified in this section. Figure 8 shows the simulation results of the system in which the impedance angle is 85 ∘ . The active power, PCC voltage, and -and -axis current are shown in Figures  8(a)∼8(d) respectively, with the active power being changing from 360 MW to 370 MW.
Case Studies

Validation of the Small-Signal Model.
It can be seen from Figure 8 that the maximum error value between EMT model and small-signal model of active power is 0.8%. The maximum value of PCC voltage is 0.15%. The maximum error value of -axis current and -axis current both is 0.27%. Therefore, the correctness of the VSC system small-signal model is satisfactorily validated.
Validations of Impacts of Impedance Angle on Power Transfer Limits.
The theory on the impact caused by impedance angle on stability of VSC connected to weak AC system which is proposed in Section 3 is verified in this section. Figure 9 shows the maximum power transmission of system with different impedance angles. It can be seen from the figure that the maximum active power is 385 MW when equals 80 ∘ . Meanwhile, the maximum active power is 420 MW when equals 85 ∘ . Simulation results show that, with the rising of impedance angle, the VSC system operating in rectifier mode gets larger small-signal stable margin. Figure 10 shows the maximum power transmission of system with different impedance angles.
Rectifying Operation.
Inverting Operation.
However, the simulation results shown in Figure 10 are opposite with the system working in rectifying operation. The maximum active power is 460 MW when equals 80 ∘ , and this value decreased to 450 MW when equals 85 ∘ . With the rising of impedance angle, the VSC system operating in inverter mode is getting smaller stable margin and even becoming unstable. Table 7 shows the power transfer limitations with different impedance angles.
The conclusion drawn from Section 3 is validated by Table 7 . Meanwhile, it can be seen that the system operating at rectifier mode is more severe than inverter mode, which means that the stable margin for VSC working in rectifier mode is narrower than that of inverter mode. Figure 11 shows the simulation results of maximum power transmission with the proposed improved PLL control.
Validations of the Proposed PLL Control.
It can be obtained that, with the proposed PLL control strategy, the limits of power transmission are improved.
The test model adopts 85
∘ as the AC system impedance angle. Compared with 420 MW, the maximum active power at rectifier is enhanced to 460 MW. Meanwhile, the limits of power transmission at inverter are enhanced from 450 MW to 480 MW. The optimal value of damping factor calculated at rectifying operation is 1100 and is 300 at inverting operation. Figure 12 shows the relationship between VSC power transfer limitations and damping factors in the proposed PLL control.
It can be seen from Figure 12 that the optimal values of damping factors are approximately equal to the calculated results (1100 and 300, resp.). Figure 13 shows the simulation results of the relationship between system impedance angles and power transfer limitations with being equal to zero and the optimal values (i.e., 1100 and 300, resp.).
Note that the power transfer limitation increments are shown in Figure 13 using arrows. The validity of the advanced PLL control strategy and the previous impedance angle analysis results are simultaneously validated in Figure 13 .
Conclusions
In this paper, based on small-signal analysis and statespace matrix, the power transfer limitations of VSC linked with weak AC system are analyzed. Besides, the dynamic model with vector-current control is developed to evaluate the improved PLL control. The following conclusions are drawn:
(i) With the rising of active power at PCC, the stability of VSC system is getting worse and even unstable. The stable margin of VSC for rectifying operation is narrower than inverting situation. With the analysis of participation factor, the most sensitive parts to the stability margin are outer-loop control and PLL control.
(ii) The impedance angle of AC system has a great impact on the stable margin of VSC. For rectifying operation, with high impedance angle, the stability of system is enhanced; and this is not the case for inverting operation. The damping characteristic of AC system can change the stable margin of VSC as well.
(iii) The proposed PLL control appends the damping factor into the existing PLL diagram to change the damping characteristic of VSC system. With the calculated optimal damping factors, the stable margins for VSC working in either rectifier or inverter modes are significantly enhanced. 
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(A.1)
The mathematical step in the derivation of the statevariable equations is given in this section:
The small-signal model is shown in (A.3). In particular, the quadrature component of the PCC voltage at operating point is 0 (V 0 = 0): The relationship between , , and is shown in (A.4), in which 0 + 0 is the real time angle of equivalent ac voltage source
The small-signal model is shown in (A.5). is mentioned in nomenclature
The small-signal model of (1)∼(4) is shown below
(A.6)
The state-variables Δ 1 , Δ 2 , Δ 3 , Δ 4 , and Δ 5 are assumed below: With the improved PLL control, matrix A is changed. The modified elements are shown below. "+" is for rectifying operation and "−" is for inverting operation: (A.8)
The participation factor mentioned in Section 2 is defined as the relativity between the th state-variable and the eigenvalue . The calculation method is shown in 9) in which u and k are the left eigenvector and right eigenvector separately. V and are the corresponding elements in eigenvectors. F r eq u e n cyo fP CCv o l ta g e : P L Lo u t p u ta n g l e :
Nomenclature
Th ea n g l eP C Cv o l t a g eV leading equivalent source 
